In the SLAC Linear Collider Detector (SLD), as in most high-energy particle detectors, the electromagnetic noise environment is the limiting factor in electronic readout performance. Front-end electronics are particularly susceptible to electromagnetic interference (EMI), and great care has been taken to minimize its effects. The transfer of preprocessed analog signals from the detector environs, to the remote digital processing electronics, by conventional means (via metal conductors), may ultimately limit the performance of the system. Because it is highly impervious to EMI and ground loops, a fiber-optic medium has been chosen for the transmission of these signals. This paper describes several fiber-optic transmission schemes which satisfy the requirements of the SLD analog data transmission.
INTRODUCTION
The SLD systems require approximately 170,000 channels of readout electronics.' To reduce the cable plant to a reasonable size, it is necessary to multiplex the front-end electronics. For systems such as the Drift Chamber and the Liquid Argon Calorimeter, the data from up to 256 analog front-end channels will be multiplexed onto a single fiber-optic link. The transmission data rate is .67 MHz. As many as 32,000 pieces of analog data will be transmitted per beam period, on a single link, thereby amortizing its cost over many channels. The required dynamic range of the transmission system is 12 bits (4096 : 1).
Three analog data transmission schemes, based upon the Hewlett-Packard HFBR series of fiber-optic components, have been developed for use at SLD. The HFBR series consists of low-cost, high-performance devices which satisfy the system requirements for noise, dynamic range, and bandwidth. Each of these schemes has been optimized for a particular parameter.
The first, optimized for maximum dynamic range, is based upon a discrete transresistance preamplifier. This circuit has demonstrated a dynamic range of >14 bits for S/N = 1 and a full-scale output of 10 V. Linearity, however, is approximately ± 10% of reading over the operating range.
The second fiber-optic link described has been optimized for best linearity. This circuit utilizes an integrated circuit preamplifier with optical feedback for linearity correction and stability improvement. The dynamic range has been measured at >12 bits, with a full-scale output of 5 V. Measured linearity is ± 0.5% of reading over the operating range.
A third circuit has been optimized for cost/performance, and takes advantage of the low-cost HFBR plastic series of hybrid PIN diode/preamplifier package. The dynamic range is >12 bits, with a maximum full-scale output of 5 V. Linearity is ± 1% of reading. Because the cost/performance quotient is lower and performance adequate for most applications, this circuit is favored for use at SLD. 
OPTICAL LINK DETAILS
where K = Boltzmann'sconstant = 1.38 x 10-23 Joule/ OK, T = Room temp = 273°K, Af = System bandwidth = 2 MHz. This is small compared to 0.68PTmin x Rp, which is approximately 0.7 nA, and will not contribute significantly to the system noise. In this circuit, the amplifier input transistor determines the dynamic range of the system. The measured noise is 200 gtV RMS, which results in a dynamic range of 50 x 103. Specifications for the system are given in Table 1 . Rs1RE(Rf1 + RT1) RS2(RT2 + Rf2) High Linearity Circuit:
The transmitter circuit is identical to the circuit shown in Fig. 1 . Vref, in this case, is such that 5 mA of quiescent current flows through the optical transmitter diode. An optical receiver circuit utilizing optical feedback4 for improved linearity is shown in Fig. 4 . The amplifier is a wideband FET input op amp (AD3554), which features a gainbandwidth product of 1.7 GHz, and is capable of driving ± 100 mA directly.
A simple model which describes the linearizing action of the circuit is shown in Fig. 5a . By superposition, the transmitter coupled power output (PT) can be represented by the (6) Specifications for the system are given in Table 2 .
Low-Cost Circuit:
The transmitter circuit (Fig. 6 ) has some minor differences from that previously described. The typical value. Factory screening of this parameter is available at an increase in cost of 25%, and reduces the spread to ± 20%. This variation in PT is primarily due to the alignment of the integral optics and connector coupling repeatability. A gain control is necessary to compensate for these variations. The current source, U2, provides 5 mA of quiescent current to the transmitter diode and is independent of the gain control. The receiver (Fig. 7) , a HFBR-2404, contains a discrete PIN photodiode and integrated low-noise preamplifier. This device is also housed in a low-cost plastic package. The responsitivity (Rp) of the HFBR-2404 is 7 mV/,uW typical. Factory screening of this parameter is also necessary. The minimum detectable signal in the system is determined by noise, which is a function of the system bandwidth. The minimum system bandwidth is determined by a readout rate and the step response settling time to a given accuracy. Assuming a nonreturn to zero (NRTZ) data rate of 1.5 izS per analog sample and a settling time of 1.3 uS to 0.1%, the minimum system bandwidth is approximately .8 MHz. This is determined by:
where T system time constant in sec, t = settling time to desired accuracy, v = instantaneous voltage at t in volts, V = final voltage in volts, and BWmin _r ( -35 .35 tEeT[t (1 -vl CONCLUSION Three analog optical links have been designed and tested at SLAC. The dynamic range of the links, up to 50,000: 1, is not limited by the optical component performance. It is ultimately limited, however, by the optical receiver preamplifier noise. Linearity can be improved, at the expense of dynamic range, by the use of optical feedback in the transmission system. The low-cost link has been chosen for use at the SLD. This is mainly due to the reduced dynamic range requirement brought about by theGLAC dual-ranging scheme. ' New devices, such as the HFBR series of low-cost optical devices, are finding use in modest cost versus performance systems. As the fiber-optic technology matures, higher performance and cost-effective devices will make analog data transmission a more attractive alternative to transmission over metallic conductors.
